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ABSTRACT
The CO-to-H2 conversion factor (XCO) is known to correlate with the metallicity (Z).
The dust abundance, which is related to the metallicity, is responsible for this correla-
tion through dust shielding of dissociating photons and H2 formation on dust surfaces.
In this paper, we investigate how the relation between dust-to-gas ratio and metal-
licity (D–Z relation) affects the H2 and CO abundances (and XCO) of a ‘molecular’
cloud. For the D–Z relation, we adopt a dust evolution model developed in our previ-
ous work, which treats the evolution of not only dust abundance but also grain sizes
in a galaxy. Shielding of dissociating photons and H2 formation on dust are solved
consistently with the dust abundance and grain sizes. As a consequence, our models
predict consistent metallicity dependence of XCO with observational data. Among var-
ious processes driving dust evolution, grain growth by accretion has the largest impact
on the XCO–Z relation. The other processes also have some impacts on the XCO–Z re-
lation, but their effects are minor compared with the scatter of the observational data
at the metallicity range (Z>∼0.1 Z⊙) where CO could be detected. We also find that
dust condensation in stellar ejecta has a dramatic impact on the H2 abundance at
low metallicities (<∼0.1 Z⊙), relevant for damped Lyman α systems and nearby dwarf
galaxies, and that the grain size dependence of H2 formation rate is also important.
Key words: methods: analytical — molecular processes — dust, extinction — galax-
ies: evolution — galaxies: ISM — radio lines: galaxies
1 INTRODUCTION
Galaxies evolve through star formation. Since molecular
clouds are the birth place of stars, understanding how molec-
ular clouds evolve provides us with an important key to how
stars form in galaxies. The main chemical constituent of
molecular clouds is molecular hydrogen (H2). Since emis-
sion from H2 is weak in cold molecular environments (H2
emission is more easily observed in regions with shock or
ultraviolet excitation; e.g. Naslim et al. 2015 for a recent
observation), emission from carbon monoxide (CO) is often
used as a tracer of molecular clouds. Thus, understanding
the formation and evolution of H2 and CO and the relation
between these two species is important to clarify to what ex-
tent CO can really trace molecular clouds at various stages
of galaxy evolution.
In the present Universe, H2 forms predominantly on the
surface of dust grains (Gould & Salpeter 1963). On the other
hand, CO forms in the gas phase via various reactions. Both
species favour ‘shielded’ environments with a high column
density of gas since they are dissociated by ultraviolet (UV)
radiation. At high column densities, H2 molecules can shield
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UV radiation by their own absorption (Draine & Bertoldi
1996) (i.e. self-shielding). Since self-shielding of CO is weaker
(Lee et al. 1996), CO forms in more embedded regions than
H2. Dust extinction also plays an important role in shielding
dissociating radiation. Although CO emission is empirically
known to trace H2 in solar-metallicity environments, it is
not obvious that this is generally true for galaxies (i) be-
cause these species have different formation mechanisms and
the formation rates have different dependence on metallicity
(Maloney & Black 1988), and (ii) because UV intensity and
dust abundance vary in different stages of galaxy evolution.
For the purpose of deriving the H2 abundance from an
observed CO intensity, one assumes a CO-to-H2 conversion
factor, XCO ≡NH2/WCO, where NH2 is the H2 column density,
andWCO is the intensity of the CO J = 1→ 0 emission line in-
tegrated for the frequency (the frequency is often converted
to the velocity shift in units of km s−1). Another expres-
sion for the conversion factor, αCO, is based on the column
mass density (or surface mass density) of the molecular gas,
Σmol = 1.36mH(2NH2), where 1.36 is a factor to account for
the contribution of helium to the total mass. In this expres-
sion, the conversion factor is defined as αCO ≡ Σmol/WCO. In
this paper, we represent the CO-to-H2 conversion factor by
XCO.
c© 2016 The Authors
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Deriving a reasonable CO-to-H2 conversion factor is not
easy. To observationally derive the CO-to-H2 conversion fac-
tor, we need to know the H2 content, which is not directly
observed by its emission. The H2 content (or the total col-
umn density or mass of a molecular cloud) is usually es-
timated indirectly through an estimate of the virial mass
or a conversion from the dust far-infrared intensity to the
total gas column density (see Bolatto et al. 2013, for a re-
view). With such methods of obtaining the H2 content, XCO
has been derived for various galaxies, mainly nearby ones.
In particular, it has been found that XCO depends on the
metallicity (Wilson 1995; Arimoto et al. 1996; Israel 1997;
Bolatto et al. 2008; Leroy et al. 2011; Hunt et al. 2015) as
well as the density and temperature (Feldmann et al. 2012,
hereafter FGK12; Narayanan et al. 2012).
As mentioned above, dust has an influence on both H2
and CO abundances through shielding of UV dissociating
photons and H2 formation on dust surfaces. The metallicity
dependence of XCO mentioned above may reflect dust enrich-
ment, which occurs simultaneously with metal enrichment
(Lisenfeld & Ferrara 1998; Dwek 1998). Dust enrichment is
one of the most important aspects for understanding the evo-
lution of galaxies. Dust absorbs and scatters the stellar light
and emit it in the far infrared, thereby shaping the spectral
energy distribution (e.g. Yajima et al. 2014; Schaerer et al.
2015, for recent modelling). As mentioned above, grain sur-
faces provide a condition suitable for efficient formation of
molecular hydrogen, which is an important coolant in low-
metallicity clouds (e.g. Cazaux & Tielens 2004). Dust it-
self is also an important coolant in star formation, induc-
ing the final fragmentation that determines the stellar mass
(Omukai et al. 2005; Schneider et al. 2006).
Not only the dust abundance, but also the grain size
distribution is important in various aspects. In particular,
shielding of dissociating photons and H2 formation on dust
surfaces depend on the grain size distribution through the
dependence of the surface area on the grain size. Asano et al.
(2013) formulated the evolution of grain size distribution in
a consistent manner with galaxy evolution. In their calcu-
lation, dust condensed in stellar ejecta [supernovae (SNe)
and asymptotic giant branch star winds], dominate the grain
size distribution at the early stage of galactic evolution (see
also Valiante et al. 2009). These stellar sources form large
(∼ 0.1 µm) grains, based on theoretical and observational
evidence (see section 2.1 of Hirashita 2015, hereafter H15,
for detailed references); thus, the dust is dominated by large
grains at the early stage of galaxy evolution. As the sys-
tem is enriched with dust, shattering as a result of grain–
grain collision becomes efficient enough to increase the abun-
dance of small grains. The increase of small grains drastically
boosts the total grain surface area; as a consequence, grain
growth by the accretion of gas-phase metals becomes the
most important process for dust enrichment. Afterwards,
the abundant small grains coagulate to form large grains.
Nozawa et al. (2015) used the same model with a modifi-
cation of incorporating the molecular cloud phase, which
hosts strong accretion and coagulation, in addition to the
originally included warm and cold phases. They explained
not only the Milky Way extinction curve but also the ex-
tinction curve observed in a high-redshift quasar taken by
Maiolino et al. (2004) (see also Gallerani et al. 2010).
Although the above recent models took into account
the full details of grain formation and processing mecha-
nisms, there are still some uncertain free parameters regard-
ing, especially, the time-scales of individual processes. The
time-scales (or efficiencies) of accretion, shattering, and co-
agulation are strongly affected by the density structures in
the ISM (Bekki 2015; McKinnon et al. 2016; Aoyama et al.
2016), since accretion and coagulation take place only in
the dense and cold ISM while shattering occurs predom-
inantly in the diffuse ISM (Yan et al. 2004; Asano et al.
2013). Therefore, to complement those detailed models, a
parameter survey study is desirable; that is, we need to sur-
vey all the reasonable ranges of the time-scales, for the pur-
pose of examining how sensitive the evolution of grain size
distribution is to the assumed time-scales or for the purpose
of finding the ranges of the time-scales that reproduce suc-
cessfully the observed extinction curves (Bekki et al. 2015;
Hou et al. 2016). However, a full treatment of grain size dis-
tribution requires a lot of computational time, and is not
suitable for such a parameter survey study.
To make a parameter survey possible in a reasonable
computational time, we adopt a simplified model developed
by H15 to calculate the evolution of grain size distribution:
H15 adopted a ‘two-size approximation’ approach, in which
the grain sizes are represented by two sizes (large and small
grains) separated around a radius of 0.03 µm. This approxi-
mated model still includes all the above processes considered
by Asano et al. (2013) but simply treats the production of
or mass exchange between the small and large grain popula-
tions for the evolution of grain size distribution. H15 showed
that this two-size approximation traces the same evolution-
ary behaviours of grain size distribution and extinction curve
as presented in Asano et al. (2013, 2014). Therefore, H15
confirmed that the two-size approximation can be used as
a simplified (or computationally cheap) version of the full
treatment of grain size distribution. Bekki et al. (2015) ap-
plied the two-size approximation in combination with extinc-
tion curve calculations, finding that the variety of extinction
curves among the Milky Way and the Large and Small Mag-
ellanic Clouds can be explained by different transportation
efficiencies of small grains out of the galaxies. Indeed, they
took advantage of the quickness of two-size approximation
calculations to find optimum parameters that reproduce the
observed extinction curves (see also Hou et al. 2016).
In this paper, utilizing the dust models mentioned above
(specifically the two-size approximation in H15), we exam-
ine the effect of dust evolution on the abundances of H2
and CO molecules. This enables us to examine the effect
of dust evolution on the H2 and CO abundances. In par-
ticular, we will focus on how the dust evolution, including
the evolution of grain sizes, affects the metallicity depen-
dence of XCO. The dependence of H2 formation rate on the
evolution of grain size distribution has not been fully inves-
tigated: Yamasawa et al. (2011) incorporated the effect of
grain size distribution on H2 formation in a galaxy evolution
model, but they only focused on the early stage of galaxy
evolution. Since there have already been analytic models
for H2 formation (Hirashita & Ferrara 2005; Krumholz et al.
2008, 2009; McKee & Krumholz 2010), we focus on the effect
of grain size, which has not been included in those mod-
els. The grain size distribution also affects the CO abun-
dance through shielding of dissociating photons. Through
this work, we not only understand or quantify the effect
MNRAS 000, 1–18 (2016)
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of dust evolution on XCO but also estimate how much the
observational scatter in the XCO–metallicity relation can be
explained by the variation of dust evolution among galaxies.
Since there are several processes driving the dust evolution,
using a method suitable for a parameter survey such as the
two-size approximation is crucial for the present work.
This paper is organized as follows. In Section 2, we
model the dust evolution, the abundances of H2 and CO,
and the CO-to-H2 conversion factor. In Section 3, we show
the results for the basic predictions of our models. In Sec-
tion 4, we further discuss the dependence on some physical
components that cause major influences on the H2 and CO
abundances. In Section 5, we comment on some implications
for various galaxy populations. Finally we give conclusions in
Section 6. Throughout this paper, we adopt the typical con-
version factor for the Milky Way as XCO = 2×1020 cm−2 K−1
km−1 s, which corresponds to αCO = 4.3 M⊙ K−1 km−1 s pc2
(Bolatto et al. 2013), and Z⊙ = 0.02 for the solar metallic-
ity used for the metallicity normalization in the models (we
adopt the same value as in H15).
2 MODEL
We first calculate how the dust content evolves as a func-
tion of metallicity to obtain the relation between dust-to-gas
ratio and metallicity (D–Z relation). In this calculation, we
also trace the evolution of grain sizes by adopting the two-
size approximation described below. Using the computed D–
Z relation, we calculate the molecular abundance of a single
typical cloud in the galaxy. As a consequence, the model
gives how the molecular abundances in a cloud is affected
by the D–Z relation.
2.1 Dust evolution
We use the two-size dust enrichment model developed by
H15. In this model, to avoid heavy computation, the en-
tire size range of dust grains is represented by small and
large grains (roughly divided at a ∼ 0.03 µm, where a is
the grain radius), considering that various grain processing
mechanisms work differently between these two grain popu-
lations. The model takes into account dust condensation in
stellar ejecta, dust destruction in SN shocks, grain growth
by accretion and coagulation, and grain disruption by shat-
tering.
H15 considered the evolution of the abundances of small
and large grains, and calculated the total mass of small/large
grains divided by the total gas mass, referred to as the
small/large-grain dust-to-gas ratio. We denote the small-
and large-grain dust-to-gas ratios as Ds and Dl, respectively.
The total dust-to-gas ratio is the sum of these two compo-
nents as D = Ds +Dl. After applying the instantaneous re-
cycling approximation (Tinsley 1980), the evolutions of Ds
and Dl are described in terms of metallicity evolution as (see
H15 for the derivation)
YZ
dDl
dZ = fin(RZ+YZ)+βcoDs− (βSN +βsh +R)Dl, (1)
YZ
dDs
dZ = βshDl− (βSN +βco +R−βacc)Ds, (2)
where Z is the metallicity, fin is the dust condensation effi-
ciency of metals in the stellar ejecta, R is the returned frac-
tion of gas from stars, YZ is the mass fraction of newly pro-
duced metals by stars, and βSN, βsh, βco and βacc indicate the
efficiencies (explained below) of SN shock destruction, shat-
tering, coagulation and accretion, respectively. Note that
these efficiencies (referred to as βs) depend on Ds or Dl
except βSN (H15). The right-hand size of equation (1) rep-
resents the stellar dust production [ fin(RZ+YZ); note that
dust grains supplied by stars are assumed to be large; see
H15 and references therein], the increase by coagulation of
small grains (βcoDs), the decreases by SN destruction and
shattering (βSNDl and βshDl, respectively), and the dilution
of dust-to-gas ratio by returned gas from stars (RD l). Equa-
tion (2) shows the increase of small grains: the shattering
and coagulation terms in equation (2) have the opposite sign
to those in equation (1), since shattering is source and coag-
ulation is sink for small grains. The increase of dust abun-
dance by accretion (βaccDs) only appears in equation (2)
based on the argument that accretion is much more efficient
for small grains than for large grains because small grains
have much larger surface-to-volume ratio (Hirashita & Kuo
2011; Asano et al. 2013).
The efficiencies denoted as βs are defined as βSN ≡
τSF/τSN, βsh ≡ τSF/τsh and βco ≡ τSF/τco, where τSF ≡Mgas/ψ
(Mgas is the total gas mass in the galaxy and ψ is the star
formation rate) is the star formation time-scale, and the
shattering and coagulation time-scales are proportional to
the dust-to-gas ratios, since shattering and coagulation are
collisional processes:
τsh = τsh,0
(
Dl
DMW,l
)−1
, (3)
τco = τco,0
(
Ds
DMW,s
)−1
, (4)
where the time-scales are normalized to τsh,0 and τco,0, which
are the values at the MW dust-to-gas ratio, DMW,l = 0.007
and DMW,s = 0.003 (H15). The accretion efficiency βacc is reg-
ulated by the lifetime of dense clouds (τcl) and the metal-
licity. Accretion is more efficient for longer τcl. For βacc, we
need the averaged values of aℓ (ℓ = 1, 2, and 3) (see Ap-
pendix A) because accretion is a surface process in which
the grain size, surface and volume play an important role.
The calculation of βacc is explained in Appendix B.
By solving equations (1) and (2), we obtain the relation
between dust-to-gas ratio and metallicity (D–Z relation).
Below, we consider a cloud whose column density is typical
of Galactic molecular clouds, and calculate the H2 and CO
abundances in the cloud based on the dust abundance given
as a function of metallicity by the above D–Z relation.
2.2 H2 abundance
We consider a cloud with a hydrogen column density of
NH ∼ 1022 cm−2 (typical of Galactic molecular clouds) under
a given metallicity. We assume that this cloud has small- and
large-grain dust-to-gas ratios Ds(Z) and Dl(Z) calculated by
the model in Section 2.1. The H2 abundance is assumed to
be determined by the balance between formation and dis-
sociation (this equilibrium assumption is discussed at the
end of this subsection). The H2 formation rate is propor-
MNRAS 000, 1–18 (2016)
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tional to the local density represented by the number den-
sity of hydrogen nuclei nH. For dissociation, the column den-
sity of hydrogen nuclei NH as well as the UV radiation field
χ is important for shielding of dissociating photons [χ is
the UV radiation field intensity at the Lyman-Werner (LW)
band normalized to the solar neighbourhood value derived
by Habing 1968, 3.2× 10−20 erg s−1 cm−2 Hz−1 sr−1; see
also Hirashita & Ferrara 2005]. Expressing the UV radiation
field with a single parameter χ means that we neglect the
dependence of stellar UV spectrum (or hardness) on metal-
licity. As shown later, the variation of UV radiation has a
large influence on the molecular abundances at low metallic-
ity, where we are not much interested in the CO abundance
since it is too low to be detected. The H2 abundance at low
metallicity could be affected by the variation of UV spec-
trum. However, according to Schaerer (2002), with a fixed
star formation rate, the H2 dissociation rate only differs by
a factor of 1.5 between low (∼ 1/50 Z⊙) and solar metal-
licities, while we will vary χ by orders of magnitude in this
paper. Thus, we simply concentrate on the variation of χ
(UV intensity) and neglect the variation of hardness.
Under a given set of (nH, NH, χ), we calculate the H2
fraction, fH2 achieved as a result of the equilibrium between
the formation on dust and the dissociation by UV (LW band)
radiation. The H2 fraction is defined in such a way that
fH2 NH/2 gives the column density of H2. The rates of forma-
tion and dissociation are given in what follows.
The increasing rate of fH2 by H2 formation on dust is
described as[
d fH2
dt
]
form
= 2∑
i
(1− fH2 )RiH2,dustnH, (5)
where the rate coefficient RiH2,dust (superscript i indicates
small or large grains; i.e. i = s or i = l) is introduced. The
rate coefficient, which depends on the dust-to-gas ratio, is
determined by (Yamasawa et al. 2011)
RiH2,dust =
3DiµmHSH v¯〈a2〉i
8s〈a3〉i
, (6)
where s is the material density of dust, mH is the atomic
mass of hydrogen, v¯ is the mean thermal speed, SH is the
probability of a hydrogen atom reacting with another hy-
drogen atom on the dust surface to form H2, and 〈a2〉i and
〈a3〉i are the second and third moments with subscript i
indicating small or large grains (Appendix A). We adopt
s = 3.3 g cm−3 (Draine & Lee 1984) and µ = 1.4. Adopting
instead s∼ 2 g cm−3 appropriate for carbonaceous dust does
not affect our conclusions below. We also fix SH = 0.3: such
a high value is reasonable to adopt since we are particu-
larly interested in H2 formation in cold and shielded envi-
ronments (Hollenbach & McKee 1979). The thermal speed
is estimated as (Spitzer 1978)
v¯ =
√
8kBTgas
pimH
, (7)
where kB is the Boltzmann constant, and Tgas is the kinetic
temperature of the gas.
The changing rate of fH2 by photodissociation is esti-
mated as[
d fH2
dt
]
diss
=−Rdiss fH2 , (8)
where the rate coefficient Rdiss is given by
(Hirashita & Ferrara 2005)
Rdiss = 4.4×10−11 χSshield,H2 Sshield,dust, (9)
with Sshield,H2 and Sshield,dust being the correction factors
for H2 self-shielding and dust extinction, respectively. We
adopt the following form for Sshield (Draine & Bertoldi 1996;
Hirashita & Ferrara 2005):
Sshield,H2 = min

1,
(
1
2 fH2 NH
1014 cm−2
)−0.75 , (10)
and
Sshield,dust = exp
(
−∑
i
τLW,i
)
, (11)
where τLW,i is the optical depth of dust component i at the
LW band. This optical depth is estimated as
τLW,i =
(
τLW
NH
)
0.01,i
(
Di
0.01
)
NH, (12)
where (τLW/NH)0.01,i is the optical depth of dust component
i (again, i = s or l for small and large grains, respectively)
for Di = 0.01 at the LW band, normalized to the hydro-
gen column density. H15 showed that, with Ds = 0.003 and
Dl = 0.007, which are appropriate for the Milky Way, the
Milky Way extinction curve is reproduced with a mass ratio
of silicate-to-carbonaceous dust of 0.54 : 0.46. We fix this
silicate-to-carbonaceous dust ratio in calculating the extinc-
tion for simplicity. If we adopt the representative wavelength
for the LW band as 1000 A˚, we obtain (τLW/NH)0.01,s =
8.2× 10−21 cm2 and (τLW/NH)0.01,l = 2.3× 10−21 cm2. Fix-
ing the silicate-to-carbonaceous dust abundance ratio does
not affect our results significantly. Grain composition is in-
deed suggested to be different in different galaxies: studies
on extinction curves indicate that the dust composition in
the Small Magellanic Cloud (SMC) is dominated by silicate
with little contribution from carbonaceous dust (Pei 1992;
Weingartner & Draine 2001). Under the same grain size dis-
tribution, the extinction curve composed purely of silicate
has an enhancement by a factor of ∼ 1.4 around 1000 A˚ com-
pared with the silicate-graphite mixture that reproduces the
Milky Way extinction curve (Pei 1992). As we see later, dust
extinction is important for CO formation, but considering
the sensitive dependence of CO abundance on dust-to-gas
ratio, difference in τLW only by a factor of 1.4 does not af-
fect our discussions and conclusions in this paper. Although
the above extinction curve studies cannot exclude a possi-
bility of other dust species than silicate and carbonaceous
dust (note that Tchernyshyov et al. 2015 suggest that dust
containing no silicon atom should exist in some regions in
the SMC based on their study of elemental depletion), we
concentrate on the change of dust abundance Di by fixing
the coefficient (τLW/NH)0.01,i in this paper.
In the above, we assumed the equilibrium between H2
formation and destruction. Thus, we implicitly assume that
the cloud has a longer lifetime than the H2 formation time-
scale. The H2 formation time-scale, τH2 , is estimated as
τH2 =
fH2
[d fH2/dt]form
. (13)
If we approximate the reaction rate in equation (6) by
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using an intermediate value of 〈a3〉i/〈a2〉i ∼ 0.01 µm be-
tween large and small grains (Table A1) and by re-
placing Di with D , we obtain (omitting superscript
i) RH2,dust ∼ 3.7× 10−17(D/0.01)(T/10 K)1/2(nH/103 cm−3)
cm3 s−1, which leads to τH2 ∼ fH2/(RH2,dustnH) ∼ 8.7 ×
105 fH2(D/0.01)−1(T/10 K)−1/2(nH/103 cm−3)−1 yr. This
time-scale can be compared with the free-fall time estimated
as τff ∼ 1.4×106(nH/103 cm−3)−1/2 yr. We find that τH2 < τff
is satisfied if the dust-to-gas ratio is near to the Milky Way
value. Thus, if we consider a typical molecular cloud, the
equilibrium assumption on the H2 abundance is reasonable,
since the time-scale of gravitational evolution occurs on a
longer time-scale than the reaction time-scale (although the
reaction may be non-equilibrium for small-scale structures;
Gibson et al. 2015). However, if the dust-to-gas ratio is sig-
nificantly lower than the Milky Way value, the equilibrium
assumption should be considered carefully, since τH2 becomes
long in proportion to D−1 (see also Hu et al. 2016). The as-
sumption of equilibrium is yet justified if the molecular cloud
is sustained against the free fall or if the resulting fH2 is sig-
nificantly smaller than unity. For example, if the molecular
cloud is sustained for a few free-fall times as indicated for
nearby molecular clouds (e.g. Ward-Thompson et al. 2007,
although this is still debated), the equilibrium assumption
for H2 formation is reasonable down to D ∼ 0.001. In terms of
the comparison with observations, we are mainly interested
in objects with D>∼0.001, for which CO could be detected.
Nevertheless, we should keep in mind that our results around
D ∼ 0.001, roughly corresponding to Z ∼ 0.1 Z⊙ are inter-
preted carefully, and that calculations taking into account
non-equilibrium H2 formation is desirable for a future study.
2.3 CO abundance
The CO abundance is determined by a complicated chem-
ical network that includes a lot of reactions. For exam-
ple, Glover et al. (2010) treated a chemical network com-
posed of ∼ 200 reactions. Since calculations of such a large
chemical network are generally time-consuming, perform-
ing full chemical calculations for the CO abundance with
a large number of cases for dust evolution at various metal-
licities is not realistic. Therefore, we utilize CO abun-
dance data already calculated for various physical condi-
tions by Glover & Mac Low (2011, hereafter GM11) (see
also Shetty et al. 2011). They calculated spatially resolved
H2 and CO abundances over a region of 5–20 pc using dy-
namical simulations of magnetized turbulence coupled with
a chemical network for H2 and CO and a treatment of pho-
todissociation. We follow the method used by FGK12, who
adopted the calculation results in GM11. Below we explain
the calculation method of CO abundance.
Before we explain our formulation, we need to relate
the column density with the local density, since the reac-
tion rate is determined by the local density. In the origi-
nal formulation in FGK12, the dependences on nH and NH
are both absorbed in AV by imposing AV ∝ nH ∝ NH. In this
paper, the proportionality constant between AV and NH is
given consistently with our model, while we use the relation
given in FGK12 for A′V and N
′
H (see below), where we put
a prime to the quantities calculated in GM11 to distinguish
them from the quantities calculated in our model. We al-
ways adopt NH/nH = N′H/n
′
H to make the following equations
solvable (following FGK12).
The CO abundance xCO is defined as the number ratio
of CO molecules to hydrogen nuclei. We assume, following
FGK12, that the CO abundance is determined by the dust
extinction and the radiation field under a given metallicity;
thus, we write the CO abundance as xCO = xCO(AV , χ, Z).
Now let us formulate the estimation method of the CO
abundance. We utilize the calculation results in GM11 to
estimate xCO. GM11 provide CO fraction x
′
CO at χ ′ = 1.7.1
Following FGK12, we start with the equilibrium be-
tween dissociation and formation of CO in the two systems
that realize CO abundances of xCO and x′CO (recall that the
quantities with a prime mean those obtained in GM11’s sim-
ulation):
xCOχSdust(AV,eff)SH2(NH2)SCO(NCO) = nH ∑
i, j
Ri, jxix j, (14)
and
1.7x′COSdust(A′V )SH2 (N
′
H2)SCO(N
′
CO) = n
′
H ∑
i, j
Ri, jx′ix′j, (15)
where Ri, j is the reaction rates of CO formation from species
i and j, the abundances of which are denoted as xi and x j
(or x′i and x
′j), respectively. As mentioned in FGK12, it is
plausible that xi ∼ x′i and x j ∼ x′j under xCO = x′CO. Thus, we
expect that the left-hand side of equation (14) divided by
nH is equal to the left-hand side of equation (15) divided
by n′H. Recalling that we adopt nH/n
′
H = NH/N
′
H and using
xCO = x
′
CO, we obtain
χSdust(AV,eff)SH2(NH2)SCO(NCO)/NH
= 1.7Sdust(A′V )SH2 (N
′
H2)SCO(N
′
CO)/N
′
H, (16)
where Sdust(AV ), SH2(NH2), and SCO(NCO) are the shielding
factors of CO-dissociating photons (1− S is the fraction of
shielded CO-dissociating radiation by each species) by dust,
H2, and CO, respectively, and AV,eff = A1000 /4.7 is the ef-
fective V -band extinction. The shielding functions S’s are
taken from Lee et al. (1996). To obtain AV,eff, we first ob-
tain A1000 ≃ 1.086∑i τLW,i using equation (12). We convert
this to AV,eff with the above relation, where the factor 4.7
comes from the Milky Way extinction curve (Pei 1992).
Equation (16) is the one we solve to obtain the CO
abundance. Note that all the quantities on the left-hand
side in equation (16) are given by our simulation except for
NCO = xCONH = x′CONH while those on the right-hand side are
given as a function of A′V as we see below. Because x
′
CO is
a function of A′V as we see below (thus, with the assump-
tion of xCO = x′CO, xCO is also a function of A
′
V ), equation
(16) is an equation for A′V . Once we obtain A
′
V , we calculate
xCO = x′CO(A
′
V ).
Now we explain how N′H2 and N
′
CO are expressed as a
function of A′V . Based on GM11’s result, we adopt the fol-
lowing fitting formulae:
f ′H2 = 1−exp(−0.45A′V ), (17)
1 The Milky Way interstellar radiation field adopted by GM11 is
based on Draine (1978)’s estimate, which corresponds to χ = 1.7.
As shown later, we can practically regard x′CO as a function of A′V .
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and
logx′CO =−7.64+3.89log A′V , (18)
where the H2 fraction f ′H2 is related to N′H2 as N′H2 = f ′H2N′H/2,
and
N′H =
A′V
5.348×10−22(Z′/Z⊙) cm2
(19)
in GM11’s formulation (we adopt Z′= Z). Note that these re-
lations (equation 17–19) do not hold among fH2 , xCO, NH and
AV because physical conditions such as dust properties and
radiation field are different between our models and GM11’s
calculations. We also use NH2 = fH2NH/2 and NCO = xCONH,
and use fH2 calculated in Section 2.2. As mentioned above,
we are looking for a solution that satisfies xCO = x′CO. Thus,
equation (16) is rewritten as
χSdust(AV,eff)SH2( fH2 NH/2)SCO(x′CONH)/NH
= 1.7Sdust(A′V )SH2( f ′H2 N′H/2)SCO(x′CON′H)/N′H, (20)
where f ′H2 , x′CO, and N′H are all functions of A′V through equa-
tions (17), (18), and (19), respectively. Note that NH is a
given parameter, and that AV,eff and fH2 are calculated by the
model. Thus, we solve equation (20) to obtain A′V , which is
translated into the CO abundance x′CO = xCO through equa-
tion (18).
We impose an upper limit xC = 1.41×10−4Z/Z⊙ (carbon
abundance) for xCO; that is, if the obtained xCO is larger than
the carbon abundance, we adopt xCO = xC. This only occurs
at super-solar metallicities in our models.
2.4 CO-to-H2 conversion factor
Using the quantities calculated above, we finally calculate
the CO-to-H2 conversion factor:
XCO = NH2/WCO. (21)
We compute WCO using the following expression (GM11):
WCO = Tr∆v
∫ τ10
0
2β (τ)dτ, (22)
where Tr is the observed radiation temperature (calculated
later in equation 25), ∆v is the velocity width of the CO
line, τ10 is the optical depth of the CO J = 1→ 0 transition,
and β (τ) is the photon escape probability as a function of
the optical depth. The escape probability is estimated as
(Tielens 2005)
β (τ) =
{
[1−exp(−2.34τ)]/(4.68τ) if τ ≤ 7;
1/(4τ[ln(τ/
√
pi)]1/2) if τ > 7.
(23)
The optical depth τ10 is estimated as (Tielens 2005; FGK12)
τ10 = 1.4×10−16(1−e−5.5/Tgas )
(
∆v
3 km s−1
)−1( NCO
cm−2
)
.
(24)
The radiation temperature of the CO J = 1 → 0 transition
with the subtraction of the cosmic microwave background
(CMB) taken into account is calculated by
Tr = 5.5
(
1
e5.5/Tgas −1 −
1
e5.5/TCMB −1
)
K, (25)
Table 1. Parameter ranges surveyed for dust evolution.
Parameter Process Minimum Maximum Fiducial
fin stellar ejecta 0.01 0.1 0.1
βSN SN destruction 4.8 19 9.65
τcl accretion 106 yr 108 yr 107 yr
τsh,0 shattering 107 yr 109 yr 108 yr
τco,0 coagulation 106 yr 108 yr 107 yr
τSF star formation 0.5 Gyr 50 Gyr 5 Gyr
where TCMB = 2.73(1+ z) is the CMB temperature (z is the
redshift of the galaxy considered; we adopt z = 0 in this
paper). For the velocity width, we simply adopt the typical
value adopted in FGK12, ∆v = 3 km s−1, partly because our
models are based on their model, partly because a direct
comparison with their model is possible (i.e. our models are
‘calibrated’ by their model). Using equation (22) and the H2
column density calculated in Section 2.2, we finally obtain
the CO-to-H2 conversion factor, XCO, by equation (21).
2.5 Choice of parameter values
For the dust evolution model, we adopt R = 0.25 and YZ =
0.013 (Hirashita & Kuo 2011). For the parameters governing
the dust evolution, we adopt the same ranges as adopted in
H15 as listed in Table 1.
As assumed in Section 2.3, we give χ and NH for the
physical condition of the cloud at a given Z. Although nH
is not essential to our formulation for the CO abundance,
it is necessary in calculating the H2 abundance. Whenever
necessary, we adopt nH = 103 cm−2, which is appropriate
for the molecular clouds in the Milky Way (but not nec-
essarily ‘molecular’ in galaxies with higher χ or lower Z
than in the Milky Way) (Hirashita & Kuo 2011). For the
column density, we investigate a range of NH = 1021–1023
cm−2, corresponding to surface densities of 10–103 M⊙ pc−2.
This covers the range of surface densities of giant molecu-
lar clouds in various environments (e.g. Bolatto et al. 2013).
For the UV intensity normalized to the Habing (1968) value,
Hirashita & Ferrara (2005) derived the relation between χ
and the surface density of SFR (ΣSFR) by assuming that the
UV luminosity traces the current star formation rate as
ΣSFR = 1.7×10−3χ M⊙ yr−1 kpc−2. (26)
We survey a range of χ = 1.7–170 (1–100 times the
Galactic value), corresponding to ΣSFR = 2.9× 10−3–0.29
M⊙ yr−1 kpc−2, which roughly covers the range of nearby
disc galaxies (Kennicutt 1998) (see also Section 5.2).
Starburst galaxies have ΣSFR 10–100 times higher ΣSFR
(Kennicutt 1998), thus χ. We consider such extreme val-
ues of χ later in Section 5.3. In Table 2, we list the ranges
and fiducial values of NH and χ.
3 RESULTS
3.1 Basic properties
Here we investigate the general evolution of H2 and CO
abundances under various conditions. We adopt the fidu-
cial values for the parameters of dust evolution and cloud
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Table 2. Parameter ranges for the physical condition
of clouds.
Parameter Minimum Maximum Fiducial
NH 1021 cm−2 1023 cm−3 1022 cm−3
χ 1.7 170 1.7
Figure 1. Quantities of interest as a function of metallicity. Pan-
els from upper to lower show the dust-to-gas ratio (D), H2 fraction
( fH2 ), CO fraction (xCO) and CO-to-H2 conversion factor (XCO).
For the dust-to-gas ratio, the small and large grain components
are shown by the dotted and dashed lines, respectively, and the
total dust-to-gas ratio is shown by the solid line. For xCO and
XCO, the cases without either dust shielding (dotted), H2 shield-
ing (dashed), or CO self-shielding (dot-dashed) are also shown.
XCO is shown only when xCO > 10−10.
properties (Tables 1 and 2). In Fig. 1, we show the metallic-
ity dependence of the quantities investigated in this paper,
namely, the dust-to-gas ratio (D), H2 fraction ( fH2), CO
fraction (xCO) and CO-to-H2 conversion factor (XCO). XCO
is only shown where xCO > 10−10, below which detection of
CO is impossible in any case.
H15 already investigated and discussed the D–Z rela-
tion, which is briefly described in what follows. Dust is sup-
plied by stars at low metallicities, and is dominated by large
grains. Small grains gradually increase because of shatter-
ing of large grains. At a certain point, the increase of small
grains is accelerated because of accretion, which induces the
increase of large grains as well through coagulation. As a
consequence, the total dust abundance steeply increases as
seen around Z ∼ 0.1–0.2 Z⊙. After that, the dust-to-gas ra-
tio gradually increases because of the metal enrichment; at
this stage, the dust-to-gas ratio is determined by the balance
between accretion and SN destruction.
The H2 fraction, fH2 also increases as the dust-to-gas
ratio increases. A fully molecular condition is realized at
Z>∼0.1 Z⊙. Thus, a cloud with a typical density and column
density of Milky Way ‘molecular’ clouds is not fully molec-
ular below metallicity 0.1 Z⊙. The CO fraction, xCO, also
increases associated with the increase of dust-to-gas ratio.
To understand what drives the increase of xCO, we also show
the cases without either dust shielding, H2 shielding, or CO
self-shielding in the third window in Fig. 1. The prediction
without H2 shielding underproduces the CO abundance at
low metallicity <∼0.2 Z⊙, which indicates that H2 shielding
is important for CO formation. This is associated with the
metallicity at which the cloud becomes fully molecular. At
Z>∼0.2 Z⊙, the main shielding component changes to dust:
If we do not include dust shielding, the CO abundance re-
mains as low as ∼ 10−6–10−5. Dust shielding becomes im-
portant after the dust abundance is increased by accretion.
Self-shielding of CO has an influence on the CO abundance
only around solar metallicity, but its contribution is minor.
The CO abundance, xCO cannot be larger than the carbon
abundance (xC); thus, at Z>∼2 Z⊙, xCO is limited by the
carbon abundance.
The CO-to-H2 conversion factor, XCO is sensitive to
metallicity. This is particularly because there is a metal-
licity range where the cloud is rich in H2 but is not rich in
CO at Z>∼0.1 Z⊙. Around solar metallicity, XCO is near to
the value observed in the Milky Way (∼ 2×1020 cm−2 K−1
km−1 s; Bolatto et al. 2013). Above solar metallicity, XCO is
not sensitive to metallicity because the CO J = 1→ 0 line is
optically thick. We also show the metallicity dependence of
the CO-to-H2 conversion factor without one of the shield-
ing mechanisms. H2 shielding has an influence on the slope
of the XCO–Z relation, since it has a larger impact on the
CO abundance at low metallicity as discussed above. Dust
shielding has a dramatic impact: XCO is two orders of magni-
tude higher than the Milky way value at solar metallicity if
we do not include dust shielding. CO self-shielding has little
influence on XCO.
3.2 Dependence on the cloud parameters
We investigate the dependence on the cloud parameters
listed in Table 2 (i.e. NH and χ). In Fig. 2, we show the vari-
ation of the quantities of interest as a function of metallicity.
Note that the D–Z relation is not affected by the change of
those parameters.
In Fig. 2a, we show the dependence on the column den-
sity (NH). Because of stronger self-shielding, fH2 is larger for
a larger NH ( fH2 ∝ N3H for the self-shielded regime as long
as fH2 ≪ 1; Hirashita & Ferrara 2005). The increase of dust
abundance around Z ∼ 0.1 Z⊙ is important to raise the H2
fraction for NH = 1021 cm−2; thus, the increase of dust abun-
dance by accretion is important to make the cloud molecule-
rich at low column densities. The CO abundance is very sen-
sitive to NH; at Z<∼0.1 Z⊙, the CO abundance is governed by
H2 shielding, while at higher metallicities, it is regulated by
dust shielding (Section 3.1). In the case of NH = 1023 cm−2,
the rapid change of xCO around Z∼ 0.1 Z⊙ is due to the rapid
increase of dust abundance (or dust shielding). The CO-to-
H2 conversion factor, XCO, drops to 1021 cm−2 K−1 km−1
s even at Z ∼ 0.2 Z⊙ in the case of NH = 1023 cm−2, while
it does not drop further because of high CO optical depth.
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Figure 2. Same as Fig. 1 but with the following parameters changed: (a) NH = 1021, 1022, and 1023 cm−2 for the dotted, solid, and dashed
lines, respectively, with χ = 1.7. (The solid line always shows the fiducial case in all the figures in this paper.) (b) χ = 1.7, 17, and 170
for the solid, dotted, and dashed lines, respectively, with NH = 1022 cm−2. We fix the values of the parameters other than the changed
parameter at the fiducial values listed in Table 2. We adopt the dust evolution model characterized by the fiducial parameters in Table
1.
In contrast, XCO for NH = 1021 cm−2 is much higher than
the Galactic value (∼ 2×1020 cm−2 K−1 km−1 s) because of
low dust shielding. Around solar metallicity, the case with
NH = 1022 cm−2 has the smallest XCO among the three col-
umn densities. This is consistent with the theoretical expec-
tation by FGK12 (see their figure 3): as mentioned above, at
NH<∼1022 cm−2, XCO is dominated by dust shielding so that
XCO is lower at higher NH, while at NH>∼1022 cm−2, the CO
emission is saturated by its large optical depth so that XCO
rises for higher NH. In other words, the clouds with a typical
column density of molecular clouds, NH ∼ 1022 cm−2, is the
most efficient in CO emission per H2 molecule around solar
metallicity.
In Fig. 2b, we present the dependence on the UV ra-
diation field intensity (χ). In the most intense radiation
(χ = 170), the H2 fraction is strongly suppressed at a level
where self-shielding is not important ( fH2 < 2× 10−8 for
NH = 1022 cm−2) at Z<∼0.07 Z⊙; at higher metallicities, self-
shielding coupled with the drastic increase of dust abun-
dance makes the sharp transition toward the fully molec-
ular phase in a narrow metallicity range of 0.007–0.2 Z⊙.
The CO fraction is sensitive to χ at low metallicities where
H2 shielding is important, while it is less sensitive to χ at
Z>∼0.3 Z⊙, where dust shielding is important. This is be-
cause dust shielding, which has an exponential dependence
on the dust-to-gas ratio, sufficiently suppresses the dissoci-
ating photons at high metallicity. Accordingly, the slope of
XCO as a function of Z changes in different χ. We will revisit
this dependence on χ in Section 5.3.
3.3 Effects of the dust evolution parameters
We investigate the dependence on the parameters that reg-
ulate the dust evolution (Table 1). The resulting variation
of the quantities of interest by the change of the parameters
is shown in Fig. 3.
We show the effect of the dust condensation efficiency
in stellar ejecta, fin in Fig. 3a. As explained in H15, the
stellar sources of dust dominate the dust-to-gas ratio at low
metallicity before grain growth by accretion becomes effi-
cient. Thus, the difference in D between various fin appears
at Z<∼0.2 Z⊙. As a consequence, the effects of fin on fH2
and xCO appear at low metallicity, where the CO abundance
is too low for detection. Thus, the effect of fin on xCO and
XCO is difficult to be confirmed observationally. On the other
hand, the effect of fin on fH2 could be examined if we ob-
serve objects with Z<∼0.2 Z⊙. A direct determination of H2
abundance is possible for damped Lyman α objects (DLAs)
using H2 LW absorption lines (e.g. Ledoux et al. 2003).
In Fig. 3b, we show the dependence on βSN, which regu-
lates the efficiency of dust destruction by SNe. As expected,
a stronger/weaker dust destruction decreases/increases both
fH2 and xCO because of less/more shielding of dissociating
photons. Around solar metallicity, since the CO abundance
is governed by dust shielding, xCO is almost inversely pro-
portional to βSN. However, XCO does not vary as expected
from the change of xCO at solar metallicity, because the CO
emission is optically thick.
In Fig. 3c, we present the dependence on τcl, which gov-
erns the efficiency of dust growth by accretion. This param-
eter determines the metallicity at which accretion signifi-
cantly raise the dust-to-gas ratio (Hirashita & Kuo 2011).
Accretion affects the H2 abundance only if it occurs at low
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Figure 3. Same as Fig. 1 but with the following parameters changed: (a) fin = 0.01, 0.1, and 0.5 for the dotted, solid, and dashed lines,
respectively. (b) βSN = 4.8, 9.65, and 19 for the dotted, solid, and dashed lines, respectively. (c) τcl = 106, 107, and 108 yr for the dotted,
solid, and dashed lines, respectively. (d) τsh,0 = 107, 108, and 109 yr for the dotted, solid, and dashed lines, respectively. In the top window
in this panel, we show the total dust-to-gas ratio (thick lines) and the small grain dust-to-gas ratio Ds (thin lines), since the effect of
shattering is clearly seen in the small-to-large grain abundance ratio. (e) τco,0 = 106, 107, and 108 yr for the dotted, solid, and dashed
lines, respectively. In the top window of this panel, we show the total dust-to-gas ratio (thick lines) and the small grain dust-to-gas ratio
Ds (thin lines), since the effect of coagulation is clear in the small-to-large grain abundance ratio. (f) τSF = 0.5, 5, and 50 Gyr for the
dotted, solid, and dashed lines, respectively. In the top window of this panel, we show the total dust-to-gas ratio (thick lines) and the
small grain dust-to-gas ratio Ds (thin lines). We fix the values of the parameters other than the varied parameter at the fiducial values
listed in Table 1. We adopt the fiducial values for the parameters of the cloud in Table 2.
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metallicity such as in the case of τcl = 108 yr. Since the
increase of CO abundance is associated with the increase
of D , accretion largely affects xCO and XCO. In particular,
our results predict that the XCO–Z relation is sensitive to
the metallicity level at which accretion dominates the in-
crease of dust abundance. In the case of τcl = 106 yr (the
least efficient accretion), the effect of accretion only appears
at super-solar metallicity; accordingly, xCO remains low and
XCO is much higher than the Milky Way value (≃ 2× 1020
cm−2 K−1 km−1 s) even at solar metallicity. In the case of
τcl = 108 yr (the most efficient accretion), in contrast, a high
value of xCO at low metallicity leads to a shallower slope in
the XCO–Z relation than in the other cases. Thus, the XCO–Z
relation depends largely on the efficiency of dust growth by
accretion.
In Fig. 3d, we show the dependence on τsh,0, which reg-
ulates the efficiency of shattering (i.e. production of small
grains from large grains). Small grains produced by shatter-
ing eventually grow by accretion. Thus, the increase of dust
abundance by accretion appears at the lowest metallicity for
the shortest τsh,0. In the top window of Fig. 3d, we also show
the contribution from small grains to the dust-to-gas ratio:
there is a clear difference in the small grain dust-to-gas ra-
tio at all metallicities. Because small grains have a larger H2
formation rate and dust extinction per dust mass than large
grains, a larger fraction of small grains (or a higher efficiency
of shattering) leads to a higher molecular abundance. Nev-
ertheless, the effect of shattering on XCO is minor compared
with that of accretion.
In Fig. 3e, we show the dependence on the coagu-
lation time-scale, τco,0. The effect of coagulation becomes
prominent after the abundance of small grains has increased
by shattering and accretion; thus, the variation of coagu-
lation time-scale affects the quantities of interest only at
Z>∼0.1 Z⊙. Because the cloud becomes fully molecular at
this metallicity, coagulation does not have any appreciable
impact on the H2 abundance. Since strong coagulation sup-
presses the abundance of small grains, it also suppresses ac-
cretion (recall that the role of accretion is to increase the
small grain abundance; Section 2.1). As a result, the total
dust abundance is the smallest in the case of the most ef-
ficient coagulation (τco,0 = 106 yr) around Z ∼ 0.2–0.3 Z⊙.
Moreover, coagulation also suppresses the relative abun-
dance of small grains, which leads to a decrease of shielding
effect (recall that small grains have larger dust optical depth
per mass). As a consequence, the CO abundance is lower,
and the CO-to-H2 conversion factor is higher for a shorter
τco,0.
In Fig. 3f, we examine the dependence on the star for-
mation time-scale of the galaxy, τSF. The star formation
time-scale regulates the time-scale of metal/dust enrichment
by stellar sources. A quick metal enrichment leads to a quick
increase in the large-grain abundance, while the time-scale of
shattering is fixed so the production efficiency of small grains
does not increase. Thus, the abundance of small grains rel-
ative to that of large grains is suppressed if τSF is short.
Since small grains have larger shielding and H2 formation
rate per mass, the H2 fraction is larger for a longer τSF. Be-
cause the shattering efficiency is higher if the abundance of
large grains is higher, shattering, if it starts at a high metal-
licity (i.e. large Dl) such as in the case of τSF = 0.5 Gyr, has a
dramatic impact on the increase in Ds. Thus, the increase of
Ds occurs in a narrow metallicity range for a short τSF. This
produces a drastic change of xCO and XCO around Z ∼ 0.2–
0.3 Z⊙. Therefore, the star formation time-scale also affects
the metallicity dependence of CO abundance in such a way
that mild star formation activities with long τSF tend to pro-
duce smooth increase (decrease) in xCO (XCO) as a function
of metallicity.
4 DISCUSSION
4.1 Metallicity dependence of CO-to-H2
conversion factor
The main purpose of this work is to clarify how the metal-
licity dependence of the H2 and CO abundances is affected
by the dust enrichment and evolution in galaxies. In par-
ticular, the CO-to-H2 conversion factor has been measured
for various types of galaxies with different metallicities. In-
deed, it has been known observationally that the conversion
factor depends strongly on metallicity. As shown above, the
evolution of dust content, which regulates the abundances
of H2 and CO, is also driven by metallicity. For comparison
with observations, we examine the relation between CO-to-
H2 conversion factor and metallicity.
We adopt the following data sets compiled in
Bolatto et al. (2013). Leroy et al. (2011) estimated the CO-
to-H2 conversion factor in five Local Group galaxies us-
ing dust as a tracer of gas with a variation of dust-to-
gas ratio among the galaxies taken into account. For their
metallicity data given in the form of 12+ log(O/H), we put
an uncertainty of 0.2, and assume that the solar metallic-
ity corresponds to 8.7 following Bolatto et al. (2013) (we
use the same oxygen abundance for the solar metallicity
unless otherwise stated). For M31, M33, and the Small
Magellanic Cloud, we adopt their spatially resolved data.
Bolatto et al. (2008) derived the CO-to-H2 conversion fac-
tor in nearby galaxies based on virial mass estimates of
giant molecular clouds. We assume the same metallicity
uncertainty (0.2) as assumed in the above sample. Israel
(1997) estimated the CO-to-H2 conversion factor in the
Magellanic Clouds and nearby irregular galaxies. We also
adopted their metallicity data. Sandstrom et al. (2013) an-
alyzed spatially resolved CO, dust, and H i maps on ∼kpc
scales of nearby star-forming galaxies, and derived the spa-
tially resolved CO-to-H2 conversion factor. We adopt their
mean CO-to-H2 conversion factor for each galaxy. We take
the metallicity data of their sample from Moustakas et al.
(2010): among their metallicity calibrations, we adopt the
one by Pilyugin & Thuan (2005) and assume, following
Bolatto et al. (2013), that the solar metallicity corresponds
to 12+ log (O/H) = 8.5. Besides, we newly add the data taken
from Cormier et al. (2014) for nearby low-metallicity galax-
ies. They obtained XCO, assuming dust to trace the molecular
gas with a variation dust-to-gas ratio among galaxies taken
into account.
There are two remarks on the observationally derived
CO-to-H2 conversion factors. The dust-based XCO estimates
(i.e. other than Bolatto et al. 2008 above) commonly assume
that the dust-to-gas ratio in molecular clouds is the same
as that in diffuse gas. In reality, we expect that the dust-
to-gas ratio in molecular clouds is higher because of dust
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growth. If this is true, the dust-based XCO estimate adopts
an underestimated dust-to-gas ratio. A lower dust-to-gas ra-
tio would overestimate the molecular gas mass by a factor of
∼ 2 (Leroy et al. 2011), which leads to overestimation of XCO
in the observational data. Since we consider a large dynamic
range for XCO and there is an order-of-magnitude scatter in
the observational data, a factor 2 difference in dust-to-gas
ratio would not affect the overall comparison shown in this
section. Our theoretical model also does not distinguish be-
tween dust components in molecular clouds and in diffuse
gas, which leads to underestimation of the dust-to-gas ratio
(i.e. underestimation of the shielding effect of dissociating
photons) in molecular clouds, and thus, overestimation of
XCO in our theoretical models. Thus, if we could consider the
difference between the dust-to-gas ratios between dense and
diffuse gas, both theoretical predictions and observational
data of XCO would move in the same direction; thus, it is not
clear if the comparison is drastically affected by dust growth
in molecular clouds. In fact, dust growth could already occur
in the diffuse (but relatively dense) ISM as shown in the nu-
merical simulation by Zhukovska et al. (2016). Thus, to fully
address the effect of dust growth on XCO estimate, we need
to use a simulation that includes consistently the evolution
of the ISM and that of dust (Aoyama et al. 2016), and need
to include molecule formation and destruction consistently
with the simulation. Such a complete framework is left for
future work.
The other remark is that the virial-mass-based XCO es-
timate (i.e. Bolatto et al. 2008 above) may not be sensitive
to CO-dark layers in molecular clouds. However, we do not
find any offset in the XCO–Z relation between Bolatto et al.
(2008)’s sample and the other samples; thus, we simply in-
clude all the above data in the same diagram, although we
should keep in mind the inhomogeneity in the method of
deriving XCO. There is another way of observationally de-
riving XCO: Amor´ın et al. (2016) derived the molecular gas
mass by assuming a star formation law. The CO-to-H2 con-
version factors they derived are consistent with (or within
the scatter of) the ones based on direct gas mass tracers
(i.e. the data plotted in Fig. 4). We should also note that
some galaxies appear for multiple times and that we did not
make any effort of unifying them into a single data point.
However, the difference among the metallicities of the same
galaxy is within 0.2 dex, which is smaller than the scatter in
the XCO–Z diagram. Moreover, the scatter of XCO caused by
the multiplicity is smaller than the difference between dif-
ferent galaxies at a similar metallicity; thus, the multiplicity
does not affect our results.
In Fig. 4, we show the comparison of our results with
the observational data for the XCO–Z relation. We also com-
pare the D–Z relations with nearby galaxy data taken from
Re´my-Ruyer et al. (2014). In deriving the dust-to-gas ratio,
they estimated the gas mass by the sum of atomic and molec-
ular gas mass. For the molecular gas mass, they examined
both the Milky Way and the metallicity-dependent CO-to-
H2 conversion factors. Strictly speaking we need to assume
a consistent conversion factor with the one predicted by our
model, but they showed that the difference in the conversion
factor only changes the dust-to-gas ratio within the scatter
of the observational data. Thus, we simply adopt their dust-
to-gas ratios based on the Milky Way conversion factor. The
D–Z relations predicted by our models are broadly consis-
tent with the data as already discussed in H15. Our theoret-
ical predictions are also consistent with the XCO–Z relation
plotted in the figure. In general, the scatter of observational
data is too large to constrain most of the parameters in
the models. Nevertheless, inefficient accretion represented
by τcl = 106 yr can be rejected (see Fig. 4c), since it predicts
too high conversion factors. In this case, the dust-to-gas ra-
tio is so low that shielding of dissociating photons is not
enough to realize a high CO abundance (see also Fig. 3c).
Such a low accretion efficiency also tends to underproduce
the observed dust-to-gas ratio as a function of metallicity as
shown in the upper window of Fig. 4c.
As mentioned above, the scatter of the observational
data is much larger than the variation of the XCO–Z
relations predicted by the models if the parameters other
than τcl are changed. The dust condensation efficiency in
stellar ejecta ( fin) has a large impact at low metallicities,
where CO is difficult to detect. Yet, it is interesting to
note that Cormier et al. (2014)’s lowest metallicity data
lie in the range where the difference in XCO among var-
ious values of fin can be seen. At the metallicity range
where a statistical number of data for XCO are available,
interstellar processing is more important than stellar dust
production. As concluded by our previous work (H15) as
well as by many other studies (Dwek 1998; Hirashita 1999;
Inoue 2003; Zhukovska et al. 2008; Hirashita & Kuo 2011;
Valiante et al. 2011; Mattsson & Andersen 2012; Kuo et al.
2013; de Bennassuti et al. 2014; Micha lowski 2015;
Mancini et al. 2015; Schneider et al. 2016; Popping et al.
2016), dust growth by accretion is the major driver of
the evolution of dust-to-gas ratio at Z>∼0.1 Z⊙ (see
Rouille´ et al. 2014 for experimental evidence; but see
Ferrara et al. 2016). In conclusion, dust growth by accretion
not only drives the evolution of dust-to-gas ratio but also
have a significant impact on the relation between XCO and
metallicity. The other processes than accretion have minor
impacts on the XCO–Z relation.
4.2 Effects of grain size distribution
One of the unique features in our modeling is the capabil-
ity to calculate the grain size distribution in the form of
the mass ratio between small and large grains. The effects
of grain size distribution appear directly in H2 formation
(equation 6) and shielding (dust extinction) (equation 12).
We here examine how the grain size distribution affects these
processes.
4.2.1 Effects on H2 formation
In order to investigate the effect of grain size distribution
on H2 formation, we take the following two extremes. One
is that we adopt the H2 formation rate on small grains for
both large and small grains in equation (6); that is, all the
grains are assumed to be small grains when we estimate the
H2 formation rate. The other is the opposite; that is, we
adopt the H2 formation rate of large grains for both large
and small grains. The former extreme represents the highest
H2 formation efficiency (referred to as the high H2 formation
rate), while the latter shows the lowest efficiency (referred to
as the low H2 formation rate. We also show the H2 formation
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Figure 4. Upper window in each panel: Relation between dust-to–gas ratio and metallicity. Lower window in each panel: Metallicity
dependence of CO-to-H2 conversion factor. The two definitions of the conversion factor are shown on the left and right vertical axes.
The models in Panels (a)–(f) are the same as those shown in the top and bottom windows of Figs. 3(a)–(f), respectively. The parameters
adopted for the lines in each panel are the same as those in Fig. 3, and are also indicated in the panels. We fix the values of the parameters
other than the varied parameter at the fiducial values listed in Table 1. We adopt the fiducial values for the parameters of the cloud
in Table 2. The points with error bars show the observation data: the data in the upper windows are taken from Re´my-Ruyer et al.
(2014) and those in the lower windows from Leroy et al. (2011) (diamonds), Bolatto et al. (2008) (triangles), Israel (1997) (open squares),
Sandstrom et al. (2013) (crosses), and Cormier et al. (2014) (filled squares). See Section 4.1 for more detailed descriptions of the data.
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rate in our models (consistent with the evolution of grain
size distribution), which is referred to as the standard H2
formation rate. We use the fiducial values for the parameters
(Tables 1 and 2) unless otherwise stated.
In Fig. 5a, we show the evolution of the quantities of
interest as a function of metallicity for the high and low
H2 formation rates, in comparison with the standard H2
formation rate. The high H2 formation rate predicts that
the cloud becomes almost fully molecular in the metallic-
ity range Z>∼0.01 Z⊙. The low H2 formation rate shows a
similar evolution to the case of the standard H2 formation
rate, since the dust abundance is dominated by large grains
in the low-metallicity phase of galaxy evolution. The differ-
ence between these two cases become visible around Z ∼ 0.1
Z⊙ because of the small grain production by shattering and
accretion. Thus, the enhancement of H2 formation rate by
these small grain production mechanisms is important for
the H2 abundance at such a low metallicity as Z ∼ 0.1 Z⊙.
At higher metallicities, hydrogen becomes fully molecular,
and the effect of H2 formation rate is not important. The
CO abundance is also affected by different grain sizes at low
metallicities because of the difference in H2 shielding of dis-
sociating photons. However, the CO-to-H2 conversion factor
does not change significantly by the variation of grain sizes
in the metallicity range where detection of CO is possible
(Z>∼0.1 Z⊙).
As shown in Fig. 2, the radiation field affects the H2
abundance drastically. Thus, we investigate the effects of
grain-size-dependent H2 formation rate for the strongest ra-
diation field χ = 170 in Fig. 5b. The same behaviour for fH2
as seen for χ = 1.7 (the fiducial value) is observed, but with
an enhanced difference among the three cases for the H2
formation rate. In particular, the H2 fraction is completely
different at Z ∼ 0.1–0.2 Z⊙. However, at higher metallici-
ties, the gas is fully molecular in any case; thus, the CO
abundance and CO-to-H2 conversion factor are unaffected
at Z>∼0.2 Z⊙.
In summary, the effect of grain size distribution on
H2 formation rate is important at low metallicities (typi-
cally Z<∼0.2 Z⊙). Thus, if we interpret the H2 abundance
in low-metallicity systems such as DLAs (Lanzetta et al.
1989; Ledoux et al. 2003) and nearby dwarf galaxies
(Kamaya & Hirashita 2001), the effect of grain size distribu-
tion is important, especially for environments with intense
UV radiation field. However, even in the intense UV field, hy-
drogen becomes fully molecular at high metallicities (Z>∼0.3
Z⊙). Consequently, the CO-to-H2 conversion factor is not af-
fected by the dependence of H2 formation rate on the grain
size distribution at Z>∼0.3 Z⊙.
4.2.2 Effects on dust shielding
The grain size distribution also influences dust shielding of
dissociating photons. As formulated in equations (11) and
(12), small grains have larger efficiencies of shielding than
large grains. We take the two extremes: in one case we adopt
the optical depth for small grains for both large and small
grains in equation (12); that is, all the grains are assumed to
be small when we estimate the optical depth for dissociating
photons. This case is referred to as the high extinction. The
other is the opposite: we adopt the optical depth for dis-
sociating photons by assuming that all the grains are large
grains. This case is referred to as the low extinction. The cal-
culation consistent with the grain size evolution is referred
to as the standard extinction. We use the fiducial values for
the parameters (Tables 1 and 2) unless otherwise stated.
In Fig. 6a, we show the quantities of interest as a func-
tion of metallicity for the high and low extinctions of disso-
ciating photons in comparison with the standard case. The
change of extinction does not largely affect the H2 fraction
since self-shielding is more important. The effect of extinc-
tion is rather important for the CO fraction and the CO-to-
H2 conversion factor. In contrast to the effect of grain size
on H2 formation, dust shielding affects the CO abundance
also at high metallicity.
We also investigate a case with high radiation field
χ = 170 in Fig. 6b. Comparing fH2 in Figs. 5b and 6b, we
observe that the effect of grain size on dust shielding is
less important for fH2 than that on H2 formation. On the
other hand, dust shielding is again important for the CO
abundance; in particular, the metallicity dependence of the
CO-to-H2 conversion factor at sub-solar metallicity is driven
more by dust shielding than by H2 shielding. This is why the
conversion factor is affected by coagulation and shattering
(i.e. main mechanisms of changing the grain size distribu-
tion) as shown in Fig. 4.
5 OBSERVATIONAL IMPLICATIONS
5.1 Uncertainty in molecular mass estimates
The variation of CO-to-H2 conversion factor among galaxies
can be produced by the different dust evolution histories.
In particular, we have shown that if the efficiency of dust
growth by accretion varies, the XCO–Z relation is significantly
perturbed. This causes an uncertainty in molecular mass
estimates, since we do not know the efficiency of dust growth
a priori in observing a galaxy. Note that this uncertainty
still remains even if we know the metallicity.
The molecular gas mass is often related to the star for-
mation rate. It has been known that there is a good corre-
lation between these two quantities. The correlation – the
so-called star formation law – has been extensively discussed
in various contexts (e.g. Leroy et al. 2013). The above un-
certainty caused by the dust evolution history contributes
to the scatter of the observationally derived H2 mass from
CO luminosity. In particular, if a sample contains objects
with a variety of metallicities, the effect of dust evolution,
especially dust growth by accretion, should be carefully dis-
cussed, since it may cause a significant scatter in the XCO–Z
relation as shown in Fig. 4c.
5.2 Nearby low-metallicity galaxies
As expected from the above results, low-metallicity galaxies
are indeed deficient in CO (e.g. Schruba et al. 2012), and
large part of carbon atoms are rather traced by [C ii] emis-
sion (Madden et al. 1997; Cormier et al. 2014). According to
our calculations above, hydrogen in a cloud whose column
density is typical of molecular clouds in the local Universe
(NH ∼ 1022 cm−2) becomes fully molecular around Z ∼ 0.1
Z⊙, while the CO-to-H2 conversion factor is still an order of
magnitude larger than the Milky Way value around Z ∼ 0.4
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Figure 5. Same as Fig. 1 but for high and low H2 formation rates, for the dotted and dashed lines, respectively. For the high (low) H2
formation rate, we assume that all the grains are small (large) grains. Panels (a) and (b) adopt χ = 1.7 (the Milky Way radiation field)
and 170, respectively, with the other parameters fixed to the fiducial values (Tables 1 and 2).
Figure 6. Same as Fig. 1 but for high and low dust extinctions of dissociating photons, for the dotted and dashed lines, respectively.
For the high (low) extinctions, we assume that all the grains are small (large) grains. Panels (a) and (b) adopt χ = 1.7 (the Milky Way
radiation field) and 170, respectively, with the other parameters fixed to the fiducial values (Tables 1 and 2).
Z⊙ in our fiducial case. Thus, we expect that such a fully
molecular gas is difficult to be traced by CO around∼0.1–0.4
Z⊙, which just corresponds to metallicities in nearby low-
metallicity dwarf galaxies. Recently, it has also been sug-
gested that [C i] is a better tracer of molecular gas at low
metallicity than CO (Glover & Clark 2016). At Z < 0.1 Z⊙,
a cloud with NH ∼ 1022 cm−2 is not fully molecular. Thus, it
is expected that H i gas rather than molecular gas becomes
relatively important for the total gas content.
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Figure 7. Same as Fig. 1 but for extremely high values for χ
(1.7× 103 and 1.7× 104; dotted and dashed lines) appropriate for
starburst galaxies. We also show the fiducial value (Milky Way
value) χ = 1.7 (solid line) as a reference. The other parameters
are fixed to the fiducial values (Tables 1 and 2).
5.3 Starburst galaxies
Some observations have suggested that starburst galaxies
such as (ultra)luminous infrared galaxies [(U)LIRGs] have
CO-to-H2 conversion factors XCO ∼ 0.2–1× 1020 cm−2 K−1
km−1 s, which are lower than the conversion factor in the
Milky Way by a factor of 2–10 (see section 7 of Bolatto et al.
2013, for a review). As argued in Section 2.5, they have 10–
100 times higher surface SFR density than nearby disc galax-
ies; thus, we first calculate the metallicity dependence of the
quantities of interest with χ = 1.7× 103 and 1.7× 104. The
results for these high radiation field intensities are shown
in Fig. 7. As expected, the H2 and CO abundances are sup-
pressed under such a high radiation field. However, the cloud
still becomes fully molecular at Z>∼0.3 Z⊙. The metallicity
dependence of XCO is steeper for a higher χ, but XCO is in-
sensitive to χ around solar metallicity. This is because dust
shielding creates a favourable condition for the CO forma-
tion around solar metallicity even if the radiation field is four
orders of magnitude higher than the Galactic value. More-
over, the CO J = 1–0 line is optically thick at high metal-
licity (i.e. the metallicity dependence of XCO is very weak).
Thus, the observed systematically lower conversion factors
in starburst galaxies should be interpreted not by metallic-
ity dependence or a stronger radiation field intensity but
by a change of other physical conditions. In fact, the low
conversion factors in starburst galaxies could be explained
by high gas temperatures (Wild et al. 1992) or high veloc-
ity dispersions (Zhu et al. 2003; Papadopoulos et al. 2012)
or both (Narayanan et al. 2011).
5.4 High-z galaxies
Tacconi et al. (2008) studied submillimetre galaxies (SMGs)
and UV/optically selected galaxies at z ∼ 2 and found that
they have similar CO-to-H2 conversion factors to those found
in nearby (U)LIRGs. Daddi et al. (2010) showed that the
so-called main-sequence galaxies at z ∼ 1.5 have conversion
factors similar to the Milky Way ones. The difference in the
conversion factor between SMGs and main-sequence galaxies
is also found by Magdis et al. (2011). Magnelli et al. (2012)
show that there is a correlation between CO-to-H2 conver-
sion factor and dust temperature for galaxies at z ∼ 1. Al-
though this dust temperature dependence of XCO could be
interpreted as an effect of the radiation field, we have shown
above that the difference in χ, as shown in Fig. 2, does not
produce a large difference in the conversion factor around
solar metallicity appropriate for their sample. It should be
due to effects not explicitly included in our paper such as
high gas temperatures and large velocity dispersions.
Studies on metallicity dependence of CO-to-H2 con-
version factor have been made possible also at z>∼1.
Genzel et al. (2012) used a sample of main-sequence galax-
ies and found a similar metallicity dependence of XCO to
that seen for nearby galaxies. This indicates that our mod-
els, which explain the XCO–Z relation in nearby galaxies,
can also be applicable to high-redshift galaxies. Since dust
growth by accretion has a strong influence on the XCO–Z
relation at a range of Z appropriate for CO detection (i.e.
Z>∼0.1 Z⊙), their result implies that galaxies at z>∼1 have
similar efficiencies of dust growth by accretion to those in
nearby galaxies.
6 CONCLUSION
We investigate the effect of dust evolution on the metal-
licity dependence of CO-to-H2 conversion factor (XCO). To
this aim, we first need to understand the dependence of
dust abundance on metallicity, since dust affects the molec-
ular abundances through H2 formation on dust surface and
shielding of dissociating photons. The dust abundance as a
function of metallicity is modeled by including all major pro-
cesses driving the dust evolution: dust condensation in stel-
lar ejecta, dust destruction in SN shocks, grain growth by
accretion and coagulation, and grain disruption by shatter-
ing. The grain size distribution is represented by the small-
to-large grain abundance ratio, which is consistently treated
with the dust evolution. The relation between dust-to-gas
ratio and metallicity (D–Z relation) is used to calculate the
H2 fraction and CO abundance in a cloud with NH ∼ 1022
cm−2 as a function of metallicity by considering dust shield-
ing of dissociating photons and H2 formation on dust surface
under given interstellar radiation field and hydrogen column
density. The effects of grain size on H2 formation and shield-
ing are also included. The major output of our model is the
CO-to-H2 conversion factor, XCO.
As a consequence of the modeling, we predict consistent
metallicity dependence of XCO (XCO–Z relation) with obser-
vational data. Among various processes driving dust evolu-
tion, grain growth by accretion has the largest impact on the
XCO–Z relation. Efficient accretion, which is also needed to
reproduced the D–Z relation of nearby galaxies, is strongly
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required to explain the XCO–Z relation. The dust condensa-
tion efficiency in stellar ejecta also affects XCO, but the effect
appears at low metallicity (<∼0.2 Z⊙), where detection of CO
is difficult. The other processes also have some impacts on
XCO, but the effects are minor compared with the scatter of
the observational data at the metallicity range (Z>∼0.1 Z⊙)
where CO could be detected.
We also find that dust condensation in stellar ejecta has
a dramatic impact on the H2 abundance at low metallicities
(<∼0.1 Z⊙) and that the grain size dependence of H2 for-
mation rate is also important. Such a metallicity range is
relevant for damped Lyman α systems and extremely low-
metallicity dwarf galaxies. Between ∼ 0.1 and ∼ 0.4 Z⊙, al-
though clouds with a typical column density of ‘molecular
clouds’ (NH ∼ 1022 cm−2) become fully molecular ( fH2 ∼ 1),
XCO is more than two orders of magnitude larger than the
Milky Way value; thus, molecular clouds are CO-dark in this
metallicity range. Applicability of our models to the XCO–
Z relation of z>∼1 main-sequence galaxies implies that their
dominant mechanism of dust abundance evolution is similar
to that in nearby galaxies.
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APPENDIX A: ASSUMED GRAIN SIZE
DISTRIBUTION AND MOMENTS
In the two-size approximation, we simply represent the grain
sizes with large and small grains. However, in order to pre-
dict statistical properties, it is necessary to assume a func-
tional form for the grain size distribution. Although adopt-
ing a specific functional form for the grain size distribution
is not essential as mentioned below, we explain how to cal-
culate statistical properties.
For convenience, we introduce the ℓth moment of grain
size as
〈aℓ〉i = 1
nd,i
∫
∞
0
aℓni(a)da, (A1)
where nd,i is the number density of dust component i (small
or large grains) estimated as
nd,i =
∫
∞
0
ni(a)da. (A2)
The normalization of grain size distribution is written as
4
3 pi〈a
3〉snd,i = µmHnHDi, (A3)
where s is the material density of dust, nH is the number
density of hydrogen nuclei, and mH is the atomic mass of
hydrogen. For this normalization, we adopt s = 3.3 g cm−3
Table A1. Moments.
〈a〉 〈a2〉 〈a3〉 〈a3〉/〈a2〉
[µm] [µm2] [µm3] [µm]
Small grains 1.2×10−3 2.6×10−6 9.9×10−9 3.8×10−3
Large grains 2.5×10−2 1.1×10−3 8.0×10−5 7.6×10−2
(Draine & Lee 1984) and µ = 1.4. We also need to fix a func-
tional form for ni(a): we adopt the modified-lognormal form
proposed in H15; that is,
ni(a) =
Ci
a4
exp
{
− [ln(a/a0,i)]
2
2σ2
}
, (A4)
where we adopt a0,s = 0.005 µm, a0,l = 0.1 µm for the cen-
tral grain radius for small and large grains, respectively, and
σ = 0.75. The assumption on grain size distribution is only
for the purpose of calculating quantities that reflects the
statistical properties of grain size distribution such as the
above moments and extinction curves. We calibrate a0,i and
σ so that the Milky Way extinction curve is reproduced
with Dl = DMW,l = 0.007 and Ds = DMW,s = 0.003. The as-
sumption on the functional form is not essential after such
a calibration. For convenience, we list the moments in Table
A1. Since the volume-to-surface ratio is important for H2
formation, we also list 〈a3〉/〈a2〉.
APPENDIX B: CALCULATION OF
ACCRETION EFFICIENCY βACC
We summarize the formula for the efficiency of grain growth
by accretion (βacc) in H15 (see also Hirashita & Kuo 2011).
We refer the interested reader to H15 for the detailed deriva-
tion. The accretion time-scale (τacc) is related to the lifetime
of cold cloud (cold clouds mean the gas hosting grain growth
by accretion) as τacc = τcl/(BXcl) where Xcl is the cold cloud
fraction to the total gas mass, τcl is the lifetime of the cold
clouds, and B is the increment of dust mass in the cold
clouds, which can be estimated as
B ≃
[ 〈a3〉s
3y〈a2〉s +3y2〈a〉s +y3 +
Ds
Z−D
]−1
, (B1)
where y ≡ a0ξτcl/τ [a0 is just used for normalization, ξ ≡
(Z−D)/Z is the fraction of metals in the gas phase, and τ
is the accretion time-scale for a grain with radius a0], and
〈aℓ〉s is the ℓth moment of grain radius for small grains. We
adopt the following expression for τ:
τ = 6.3×107
(
Z
Z⊙
)−1
a0.1n
−1
3 T
−1/2
50 S
−1
0.3 yr, (B2)
where a0.1 ≡ a0/(0.1 µm), n3 ≡ nH/(103 cm−3) (nH is the num-
ber density of hydrogen nuclei in the cold clouds; we adopt
nH = 103 cm−3), T50 ≡ Tgas/(50 K) (Tgas is the gas tempera-
ture; we adopt Tgas = 50 K), and S0.3 ≡ S/0.3 (S is the stick-
ing probability of the dust-composing material onto the pre-
existing grains; we adopt S = 0.3). Assuming that the cold
clouds hosting accretion and star formation are the same, we
can express the star formation time-scale as τSF = τcl/(εXcl),
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where ε is the star formation efficiency of the cold clouds.
We define βacc ≡ τSF/τacc, which can be evaluated as
βacc = B
ε
. (B3)
We assume ε = 0.1 in this paper.
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